Abstract Preterm delivery (PTD, <37 weeks of gestation) is a signiWcant clinical and public health problem. Previously, we reported that maternal smoking and metabolic gene polymorphisms of CYP1A1 MspI and GSTT1 synergistically increase the risk of low birth weight. This study investigates the relationship between maternal smoking and metabolic gene polymorphisms of CYP1A1 MspI and GSTT1 with preterm delivery (PTD) as a whole and preterm subgroups. This case-control study included 1,749 multi-ethnic mothers (571 with PTD and 1,178 controls) enrolled at Boston Medical Center. After adjusting covariates, regression analyses were performed to identify individual and joint associations of maternal smoking, two functional variants of CYP1A1 and GSTT1 with PTD. We observed a moderate eVect of maternal smoking on PTD (OR = 1.6; 95% CI: 1.1-2.2). We found that compared to non-smoking mothers with low-risk genotypes, there was a signiWcant joint association of maternal smoking, CYP1A1 (Aa/aa) and GSTT1 (absent) genotypes with gestational age ( = ¡3.37; SE = 0.86; P = 9 £ 10
Introduction
Preterm delivery (PTD, <37 weeks of gestation) is a signiWcant clinical and public health problem. The rate of PTD remains high in the U.S. at about 12.5% (Anonymous 2006a) and has actually increased in the past two decades (Anonymous 2006b ). The highest rates of PTD occur among AfricanAmericans (17.8%). The health consequences and economic cost to society of PTD are enormous. There is compelling evidence that PTD is a complex disease inXuenced by multiple genetic and environmental factors and gene-environment (G£E) interactions (Anonymous 2006a; Crider et al. 2005; Macones et al. 2004) . Until recently, research on the causative factors of PTD has primarily focused on demographic, sociobehavioral and environmental risk factors. There are limited studies on the roles of genetic susceptibility and G£E interactions in the development of PTD.
Maternal cigarette smoking is an important preventable environmental factor known to increase the risk of PTD, with odds ratios ranging from 1.1 to 2.4 (Cnattingius 2004; Pollack et al. 2000; Shah and Bracken 2000; Wang et al. 1997) . However, given the same amount and duration of cigarette smoking, not all women who smoke during pregnancy deliver preterm. One possible explanation is the individual variation in genetic susceptibility. Two functional genes that have received attention are Cytochrome P-450 1A1 (CYP1A1 MspI) and glutathione S-transferases Theta 1 (GSTT1). CYP1A1 and GSTT1 encoded enzymes are involved in metabolism and detoxiWcation of polycyclic aromatic hydrocarbon (PAH), an important carcinogen in tobacco smoke (Bartsch 1996; Bartsch et al. 1995; Kriek et al. 1998) . The adverse health eVects of cigarette smoke may depend on the combined eVects of phase I and phase II metabolic detoxiWcation (Hayashi et al. 1992; Katoh et al. 1995; Nakachi et al. 1993) . Others and we have described the role of cigarette smoking, including the CYP1A1 or GSTT1 gene variants in relation to adverse birth outcomes (Chen et al. 2005; Cnattingius 2004; Nukui et al. 2004; Wang et al. 2001) . SpeciWcally, we previously reported that maternal smoking and metabolic gene polymorphisms of CYP1A1 MspI and GSTT1 can synergistically increase the risk of low birth weight, gestational age and birth weight ratio (Wang et al. 2002) . The CYP1A1 MspI polymorphic allele is associated with alterations in regulation and transcription half-life of the enzyme (Landi et al. 1994) , whereas deletion of GSTT1 polymorphism results in no functional enzymatic activity (Pemble et al. 1994; Seidegard et al. 1988) . However, the synergistic eVect of these two genes in conjunction with maternal cigarette smoking during pregnancy on the risk of PTD has not been wellstudied in a large population.
The aim of this study was to investigate the relationship between CYP1A1 and GSTT1 genotypes and maternal smoking with PTD as a whole and preterm subgroups deWned by mode of delivery (spontaneous vs. induced PTD); degree of prematurity (<32 vs. 34.0-36.86 weeks); and major pregnancy complications (intrauterine infection/inXammation vs. hypertensive disorders). We hypothesize that the smoking-PTD association can be signiWcantly modiWed by CYP1A1 and GSTT1 gene polymorphisms. Since PTD is a heterogeneous entity, we further hypothesize that the association will be stronger among PTD subgroups due to underlying pathogenic pathway by which smoking aVects PTD.
Materials and methods

Study population and data collection
We included the Wrst 1,749 mothers enrolled in an ongoing case-control study of preterm birth at the Boston Medical Center (BMC) since 1998 (Wang et al. 2002) . Case mothers were those with singleton live births occurring at less than 37 weeks gestation, and controls were deWned as mothers delivering at greater than or equal to 37 weeks of gestation, and with birthweight appropriate for gestational age as deWned by the National Center for Health Statistics/CDC guidelines (birthweight between 2,500 and 4,000 g) (Hamill et al. 1979) . Pregnancies resulting in multiple births and newborns with major birth defects were excluded. Detailed description was published previously (Wang et al. 2002) . BrieXy, we comprehensively collected the epidemiologic data, the clinical data, and the maternal venous blood samples. Of note, the data collected in this study contained all the variables and phenotypic information suggested by the International Preterm Birth Collaborative (PREBIC), Genetics Working Group (http://www.prebic.org) for the genetic epidemiological studies of preterm birth (Pennell et al. 2007 ). In addition, placentas were sent for histopathology based on routine indications including preterm birth (Gupta et al. 2007 ). The institutional review boards of the BMC, the Massachusetts Department of Public Health, the Children's Memorial Hospital in Chicago, and the Harvard School of Public Health approved the study protocol. All the participants gave written informed consent.
DeWnition of phenotypes
Preterm delivery (PTD) and gestational age
The primary phenotype was evaluated as both a binary (PTD) and a continuous (gestational age) variable. PTD was deWned as birth occurring before 37 weeks of gestation. Gestational age was assessed using an algorithm based on last menstrual period and the result of early ultrasound (<20 weeks gestation). The last menstrual period estimate was used only if conWrmed by ultrasound within 7 days or if no ultrasound estimate was obtained; otherwise, the ultrasound estimate was used. This approach has been used in previous studies (Kramer et al. 1998; Wang et al. 2002) .
PTD subgroups
We further divided all the preterm cases into the following subgroups:
1. By mode of delivery. We categorized PTD cases as spontaneous PTD (vaginally or by cesarean section) that occurred secondary to documented active preterm labor (uterine contractions with cervical eVacement and dilation at less than 37 weeks), or preterm premature rupture of membranes (PPROM) (<37 weeks without uterine contractions) or by both uterine contractions and PPROM occurring simultaneously; or as medically induced PTD deWned as delivery (vaginally or by cesarean section) that was not preceded by the presence of uterine contractions and/or rupture of membranes. 2. By degree of prematurity. In this study, we used a cutpoint of <32 weeks to deWne very preterm delivery and 34.0-36.86 weeks to deWne late preterm delivery, which has been used by other groups (Engle et al. 2007; Mathews et al. 2004 ). 3. By major pregnancy complications. Due to sample size constraints, we focused on two relatively common pregnancy complications: (1) PTD with intrauterine infection/ inXammation using placental histologic chorioamnionitis as a proxy. Detailed description on placental collection, pathological methods, deWnition of maternal and fetal inXammatory responses and quality control was published previously (Gupta et al. 2007) , and (2) PTD complicated by maternal hypertensive disorders. This group consisted of PTD cases with an accompanying diagnosis of maternal preeclampsia, eclampsia, gestational hypertension, or HELLP syndrome as deWned in our previous publication (Wang et al. 2006) , with or without a history of chronic hypertension.
Maternal cigarette smoking
The information on maternal smoking was obtained from the postpartum questionnaire for four time periods: 3 months before the index pregnancy and the Wrst, second, and third trimesters of the index pregnancy. Mothers' smoking data were clustered into three groups: (1) those who did not smoke throughout the index pregnancy (never smokers); (2) those who smoked during early pregnancy but quit smoking during the Wrst trimester (quitters); and (3) those who smoked continuously during the index pregnancy (persistent smokers).
Genotyping
DNA extraction and PCR condition
DNA was extracted from samples of venous whole blood in accordance with standard protocol (Sambrook et al. 1989) . CYP1A1 polymorphism was ampliWed using the primer pair: 5Ј-TAGGAGTCTTGTCTCATGCCT-3Ј and 5Ј-CAGTGAAGAGGTGTAGCCGCT-3Ј. PCR products were digested by MspI. The detailed method for PCR ampliWcation can be found elsewhere (Wang et al. 2002; Xu et al. 1996) . GSTT1 variant was ampliWed using the primer pair: 5Ј-TTCCTTACTGGTCCTCACATCTC-3Ј and 5Ј-TCACCGGATCATGGCCAGCA-3Ј. The detailed PCR ampliWcation for GSTT1 can be obtained elsewhere (Palli et al. 2005; Wang et al. 2002) . Due to sample size constraints, the CYP1A1 polymorphism was coded as AA or Aa/aa, whereas GSTT1 polymorphism was coded as present or absent.
Quality checking
The genotype completion rates for CYP1A1 and GSTT1 polymorphisms were 98 and 96%, respectively. The consistency rates of genotyping calls made by two technicians independently were 99.9% for both CYP1A1 and GSTT1. We repeated genotyping for CYP1A1 in 54 subjects and for GSTT1 in 43 subjects, respectively. The genotyping consistency rates were 100% for both CYP1A1 and GSTT1.
AIMs genotyping
Population stratiWcation is a critical concern for case-control genetic studies in admixed populations such as African Americans. One common approach to deal with this potential confounding eVect is to adjust individual admixture in the analysis. To estimate individual admixture proportions, we genotyped 59 ancestry informative markers (AIMs) with averaged (diVerence of allele frequencies between African and European ancestral populations) equal to 0.59 in 812 black mothers (326 preterm cases and 486 controls). Detailed information regarding polymorphic site, Xanking sequence and other relevant information for all the 59 AIMs is available elsewhere .
Statistical analyses
Prior to data analysis, we computed genotype frequencies of CYP1A1 and GSTT1 and examined whether CYP1A1 genotype frequency was under Hardy-Weinberg equilibrium (HWE) by using exact tests of HWE implemented in the SNP-HWE program (Wigginton et al. 2005 ).
We applied a Bayesian approach implemented in the structural program to estimate individual admixture proportions using 59 genotyping AIMs data (Falush et al. 2003; Pritchard et al. 2000) . SpeciWcally, the admixture model assuming that each individual inherits some proportion of their ancestry from each ancestral population was selected for estimating individual ancestral proportions. The average and corresponding standard deviation (SD) of African proportions were 0.90 (SD = 0.11) in PTD cases, and were 0.89 (SD = 0.12) in controls.
We applied logistic regression and general linear regression to examine the individual eVects of metabolic gene polymorphisms and maternal smoking status, and the joint eVects of smoking, CYP1A1 and GSTT1 on preterm phenotypes, as binary and continuous outcomes, respectively. For CYP1A1 polymorphism, we combined subjects with Aa or aa genotypes in data analysis, since this reXects the functional activity of CYP1A1 (Landi et al. 1994) . Subsequently, we examined the interaction eVect of maternal smoking, CYP1A1 and GSTT1 with PTD by adding all the product terms (both 2-way and 3-way terms) in the model. To assess heterogeneity across ethnic and preterm subgroups, we applied similar analyses described above for speciWc ethnic and PTD subgroups.
All analyses include the following covariates: maternal age (<20, 20-24, 25-29, 30-34 and ¸35 years), ethnicity (white, black, Hispanic, and other), education (·middle school, =high school, and >high school), parity (0, 1, anḑ 2), marital status (married, others), maternal pre-pregnant body mass index (BMI) (<20, 20-24, 25-29, and ¸30), alcohol use (yes/no), passive smoke exposure (yes/no), illicit drug use (yes/no) and infant sex. Of note, false positive results have been a critical concern when a number of association tests are performed. To address this issue, we applied false discovery rate (FDR) to correct for multiple testing (Benjamini and Yekutieli 2001) . As mentioned earlier, population stratiWcation is another concern in genetic association studies. In addition to performing stratiWed analyses by ethnic groups (black mothers vs. Hispanic/ white mothers), we also adjusted for individual ancestry estimated from 59 ancestry informative markers (AIMs) in black mothers. Data analyses were performed using statistical packages R 2.3.1, Bioconductor 1.8 and Intercooled STATA 8.0 (College Station, TX, USA).
Results
Demographic and clinical characteristics
Our analysis included a total of 1,749 mothers: 571 with PTD, and 1,178 with full term delivery. The distributions of age, ethnicity, education, parity, marital status, alcohol intake, infant sex and genotype frequencies of CYP1A1 and GSTT1 polymorphisms were similar in both groups (Table 1) . Maternal pre-pregnant BMI was slightly higher among the PTD than the term delivery group. The rates of maternal smoking during pregnancy, passive smoke exposure and maternal illicit drug use were higher among the PTD. In addition, we examined whether CYP1A1 variant was under HWE across diVerent ethnic groups. Only the Hispanic group was slightly deviated from HWE (P = 0.01).
There were 71% of PTD cases that were spontaneous deliveries, and 24% of PTD cases that were delivered before 32 gestational weeks (Table 2) . Twenty-seven percent of PTD cases had evidence of placental histologic chorioamnionitis, and 24% of PTD cases were complicated by maternal hypertensive disorders. The PTD subgroup with spontaneous delivery had a signiWcantly higher proportion of placental histologic chorioamnionitis when compared to the PTD subgroup with medically induced delivery, 33 versus 13% (OR = 3.2, 95% CI: 2.0-5.3). This was also true for the very PTD subgroup when compared to late PTD subgroup, 51 versus 18% (OR = 4.7, 95% CI: 3.0-7.4).
Individual and joint associations
When examined individually, maternal smoking was associated with a moderately increased risk of PTD (OR = 1.6; 95% CI: 1.1-2.2) and lower gestational age ( = ¡0.70; SE = 0.29; P = 0.02); neither CYP1A1 nor GSTT1 polymorphisms were associated with PTD or gestational age (Table 3) . We excluded "quitters" in the analysis due to small sample size.
When examined jointly, using never-smoking mothers with low-risk genotypes of CYP1A1 (AA) and GSTT1 (present) as the reference group, we found a signiWcantly higher risk of PTD (OR = 5.8; 95% CI: 2.0-21.1) and lower gestational age ( = ¡3.37; SE = 0.86; P = 9 £ 10 -5 ) among smoking mothers with high-risk genotypes of CYP1A1 (Aa/aa) and GSTT1 (absent) ( Table 3 ). The interaction eVect of maternal smoking, CYP1A1 and GSTT1 genotypes, was marginally signiWcant on gestational age ( = ¡3.30; SE = 1.22; multiple testing corrected P = 0.06). To assess if the associations varied among diVerent ethnic groups, we further examined joint association in black mothers only, and in white and Hispanic subjects combined. We found very similar results (Table 1 in supplementary material). All the signiWcant joint associations remained statistically signiWcant after correcting for multiple comparison. To examine whether the associations and interactions we observed may be modiWed by past history of PTD, we stratiWed study subjects into two groups: null parity versus parity ¸1. The trends of associations and interactions were comparable between these two groups.
Furthermore, the results were not substantially diVerent between the models with and without adjustment for individual ancestry in black mothers (data not shown).
Heterogeneity in joint association among preterm subgroups
To determine whether the above joint associations varied among preterm subgroups, we repeated the above analyses among the following: spontaneous versus medically induced PTD, very PTD versus late PTD, and PTD accompanied by histologic chorioamnionitis versus hypertensive disorders (Table 4 ). In the presence of maternal smoking, signiWcant joint association with spontaneous PTD (OR = 8.3; 95% CI: 2.7-30.6), very PTD (OR = 11.1; 95% CI: 2.9-47.7), and PTD accompanied by histologic chorioamnionitis (OR = 15.6; 95% CI: 4.1-76.7) was found among the mothers with high-risk genotypes of CYP1A1 and GSTT1 variants. Interaction of maternal smoking, CYP1A1 and GSTT1 genotypes was marginally signiWcant with PTD accompanied by histologic chorioamnionitis (OR = 18.6; 95% CI: 2.1-162.7, multiple testing corrected P = 0.07). Likewise, we observed interaction of maternal smoking, CYP1A1 and GSTT1 with spontaneous PTD (OR = 4.4; 95% CI: 0.9-21.8) and with very PTD (OR = 10.8; 95% CI: 2.5-51.4), but the interaction was not (Table 4 ). In contrast, such joint associations or interactions were not found for medically induced PTD, late PTD, and PTD with hypertensive disorders (Fig. 1) . Furthermore, we repeated above analyses in black mothers only and found the similar results (Fig. 1 , Table 2 in supplementary material).
Discussion
The Wndings of this study contribute new information to ongoing preterm gene-environmental research. First, we conWrmed our previous Wnding in a sample half the size of this analysis of the joint association of maternal smoking and CYP1A1 and GSTT1 polymorphisms with gestational age. Second, this is one of the largest study populations for investigation of preterm birth. The larger sample size allowed us to further elucidate this relationship among preterm subgroups. Interestingly, the joint eVect of smoking and genetic susceptibility was signiWcant in spontaneous PTD, very PTD, and most signiWcant in PTD accompanied by histologic chorioamnionitis, but not in medically indicated PTD, late PTD, and PTD complicated by hypertensive disorders. We further demonstrated a marked diVerence in the percentages of histologic chorioamnionitis among signiWcantly and non-signiWcantly associated preterm subgroups, suggesting that intrauterine infection/ inXammation may be a potential pathogenic pathway by which maternal cigarette smoking aVects PTD. Indeed, an odds ratio (OR) of 15.6 for preterm subgroup with histo- logic chorioamnionitis among smoking mothers with highrisk genotypes is among the highest ever reported for PTD. Of note, our Wnding that links gene-smoking interaction with histologic chorioamnionitis is biologically plausible. Although the adverse eVect of maternal smoking on PTD is well established, the underlying biological mechanisms remain unclear. Previous studies have suggested several plausible explanations. First, tobacco smoke impairs placental vasculature function and subsequent transplacental transport of oxygen and nutrients (Bush et al. 2000; Muller et al. 2002; Shiverick and SalaWa 1999) . Second, toxic chemicals within tobacco smoke could disturb fetal and placental cellular regulation via elevated DNA adducts and DNA damage. On the basis of our results, it is likely that smoking mothers with high-risk genotypes may have higher levels of PAH-DNA adducts and DNA strand breakage due to the increased activity of enzymes that metabolize cigarette toxins (e.g., CYP1A1 Aa and aa) and lower or absent activity of enzymes that detoxify these compounds (e.g. GSTT1 null genotypes). Moreover, such gene-smoking interactions may exert their synergistic eVects on PTD through maternal and fetal inXammatory responses. Reac- tive oxygen species (ROS) are important metabolites of tobacco smoke (Palackal et al. 2002) and may cause inXammatory responses by the activation of transcription factors, including nuclear factor-B (NF-B) and hypoxia-inducible factor-1 (HIF-1 ) (Haddad 2002; Irani 2000) . In addition, the eVects of tobacco smoke on the host response by triggering inXammatory responses have been reported previously in periodontal diseases (Ryder 2007) . The eVect of tobacco on periodontal diseases may be due to increasing expression or activities of inXammatory-related genes. Previous studies have also suggested that maternal smoking during pregnancy has an impact on fetal immune function measured by cord blood Immunoglobulin E (Magnusson 1986 ) and cytokine (Macaubas et al. 2003) concentrations, cord blood mononuclear cell cytokine responses (Noakes et al. 2003) , cord blood lymphoproliferative response (Willwerth et al. 2006) , and neonatal toll-like-receptor mediated immune responses (Noakes et al. 2006 ). Interestingly, when we examined the cord blood concentrations of 5 pro-inXammatory cytokines between 22 never-smoking mothers with low-risk genotypes of CYP1A1 (AA) and GSTT1 (present) and 11 smoking mothers with high-risk genotypes of CYP1A1 (Aa/aa) and GSTT1 (absent), 2 of the 5 were signiWcantly higher in smoking mothers with highrisk genotypes of CYP1A1 and GSTT1 than the ones in never-smoking mothers with low-risk genotypes of CYP1A1 and GSTT1 (Table 3 in supplementary material) . Together, previous studies and our Wnding support the possibility that intrauterine infection/inXammation is a pathogenic pathway by which maternal cigarette smoking aVects PTD.
There are several strengths in the present study. This is one of the largest gene-environment studies of PTD, allowing us to study gene-smoking interaction across ethnic groups and among distinct preterm subgroups. By studying more homogeneous PTD subgroups, we were also able to explore possible pathogenic pathways by which maternal cigarette smoking may aVect PTD. Multiple comparison is a common concern in genetic studies when certain number of association tests is examined. In this report, all the signiWcant joint associations remained statistically signiWcant after correcting for multiple comparison. Population stratiWcation is another concern. We further adjusted for individual ancestry in black mothers. The results were not substantially changed when compared to the models without such adjustment.
A number of limitations should be considered. First, information on maternal smoking may be subject to recall bias. However, previous studies have demonstrated fair agreement between self-reported smoking amounts with serum and urinary levels of cotinine, a biochemical marker of cigarette smoke (George et al. 2006; KlebanoV et al. 2001; Peacock et al. 1998 ). In addition, we compared 277 subjects' smoking status between self-report in the postpartum questionnaire and medical record documentation. Of note, the data in medical record documentation were collected prospectively during each trimester and may be subject to less recall bias. There was over 99% agreement between self-reported smoking and medical record documentation. Moreover, any recall bias should be independent of maternal genotypes. Second, while placental histologic chorioamnionitis is objective, it is only a proxy for intrauterine infection. However, our previous study demonstrated that histologic chorioamnionitis had much stronger association with degree of prematurity than clinical chorioamnionitis (Gupta et al. 2007 ). Third, due to sample size constraints, we did not evaluate the joint eVect in white and Hispanic groups separately, and future investigation of this subgroup is warranted. Fourth, due to limited sample size, we only examined two relatively common pregnancy complications: PTD with intrauterine infection/inXammation and PTD complicated by maternal hypertensive disorders. It is likely that we may miss such joint eVect on some other important PTD subgroups in the current study. Fifth, although CYP1A1 MspI and GSTT1 deletion are well-studied functional variants, other SNPs in these two genes may be also of interest for investigation. Last, we did not include the genotypes from newborns, it is important to further investigate the joint maternal and fetal eVect on PTD.
In summary, we demonstrate coherent evidence that smoking women carrying high-risk genotypes of CYP1A1 (Aa&aa) and GSTT1 (absent) are at signiWcantly increased risk of PTD, especially in certain PTD subgroups, including PTD with spontaneous deliveries, PTD < 32 weeks, and PTD accompanied by histologic chorioamnionitis. These data suggest that intrauterine infection/inXammation may be a potential pathogenic pathway by which maternal cigarette smoking aVects PTD and should provide a useful framework for future investigations. Our data also raised the possibility that we can identify women at high risk of PTD by taking into account both environmental exposure and gene polymorphisms. IdentiWcation of high-risk women for targeted intervention is very important from a research and public health perspective.
